Due to the fact that studies are often performed with
taken in an attempt to find an automated method of optimizing simulation input parameters in order to improve overall performance of the corn-processing facility being studied. The Pillsbury Company operates a corn processing facility.
The operation of this facility has recently been studied using computer simulation. Pillsbury requested that the issue of optimizing performance of this facility be investigated. As a result, a flexible polyhedral search algorithm was implemented and integrated into a combined discrete-continuous simulation model of a corn processing faci.lit y. The software system is provided with an initial set of input parameters which represent the size of the problem to be evaluated, a starting point for the evaluation, and a relative measure of the precision of the solution. The software system automatically changes values of the input parameters in an effort to optimise the performance of the facility under study.
INTRODUCTION
The Pillsbury Company operates a corn processing facility that was the focus of thiswork. This facility purchases corn from growers in the surrounding region during the corn growing season. Several different varieties of corn are available to be purchased and the corn is used to produced two products of interest at the ihcilit y. The faeilit y managers have a great deal of fledbility in deciding the quantities of dflerent varieties of corn to purchase and process. The goal of this work was to find a method of determining the quantities of the available varieties of corn that should be purchased in order to be of greatest financial benefit to the processing facility.
A decision was made that computer simulation would be used to examine this area of interest. A combined discrete-continuous simulation model of the current corn processing operations was developed to analyze the facility performance for a given mix of varieties of corn to be processed. After becoming ap parent that simulation of the current corn operations alone would not be sufficient to produce the desired results, an effort was made to integrate the simulation model with a stochastic optimisation system. The optimization system needed to be sufficiently robust to work well with functions which were nonditTerentiable and would likely contain an extreme amount of variability.
SETTING
The corn processing faeilit y operates during and at the end of the corn growing season. During thw time period, the management of the facility will choose from available fields of mature and nearly mature corn in order to select the diferent varieties and quantities of corn that the thcilit y will process. Several ditTerent varieties of corn are available for con- This facility operates two product lines that were of interest to our study. The products produced on these lines will be referred to as corn product one (CP1) and corn product two (CP2). The production of these two products actually takes place on only one production line for part of the operation. The raw material corn is delivered to the facility and is stored temporarily on a large concrete slab. The corn is then fed into the single production line where several operations take place (e.g., removing the husk from the corn).
The flow from this one line is then split and corn for CP1 proceeds through one set of operations while corn for CP2 proceeds through a different set of operations.
Splitting the flow of the corn is accomplished by making a decision as to whether each ear of corn is better suited for the CP1 line or the CP2 line. in the facility can not be adequately split and one of the two production lines will be starved (and the other will lack capacity to process all it is being sent).
METHODOLOGY
Before beginning work on the simulation model, consideration was given to the choice of language which should be used. Our understanding of the problem indicated that a simulation language supporting continuous variables was required. However, a language with continuous variables but no discrete event logic
wound not be acceptable due to the variety of discrete events which needed to be modeled as well. We were working primarily in a personal computer environment and the simulation language needed to be supported at this level. The Pillsbury Company also had a strong desire for animations to accompany the simulation modeling.
With this information taken into account, a decision was made to use SLAM II (Pritsker 1986) within the SLAMSYSTEM software package (Pritsker Corporation 1989) .
The goal of this work was to develop a software system that would address the issue of which varieties of corn should be purchased and the quantities in which to purchase those varieties. This software system was developed in two parts. The first part of this system is a simulation model which uses specified quantities of the diRerent varieties of available corn (an experimental design point) to estimate the processing fmilit y performance for that design point.
The second part of the system is a flexible polyhedral search algorithm which uses the output from the simulation model to determine a new design point (i.e., a new combination of quantities of the varieties of corn to be processed).
Simulation Model
The elements of the simulation model are of two primary types.
There is a continuous portion of the model which represents the continuous flows of material from one area to another.
The rates of flow from one area to another and the level of product accumulated at any given area may change continually over time and are modeled accordingly. Each operation in the process is in effect simulated at a micro level insuring that everything that flows into an area also flows out of the area. The rates of product flow are typically updated every five simulated minutes through calls to the SLAM subroutine state. The rates of flow are modeled as being constant between these five minute updates. The rates of product accumulation or depletion at an operation are also modeled as being constant between the updates occurring every five simulated minutes.
The continuous portion of the simulation model also monitors the process for a variety of threshold crossings. A threshold may be specified as the maximum or minimum quantity of product allowed to be in a buffer at a given operation at any given point in time. Once the quantity in the buffer goes above the specified maximum or below the specified minimum, the threshold has been crossed and some type of state event occurs (in these two cases, perhaps the increase or decrease, respectively, in the rate at which product is processed at the operation corresponding to the buffer in question).
In other words, if too much product accumulates in a queue, a threshold is crossed and changes in some of the rates of the operation must be made.
The discrete event portion of the simulation is used to model events taking place at random times during the operation of the facility. These discrete events are occurrences of phenomena which directly impact the flow of product through the processing operations of the ikcility but can not be adequately modeled in a strictly continuous fashion. Such occurrences may be machine breakdowns, machine repair completions or the delivery of more raw material corn now available for processing. These randomly occurring events cause instantaneous changes in the status of the ihcility and must be modeled as discrete events so their impact on the flow of product (the continuous portion of the model) maybe accounted for accurately.
Search Algorithm
The algorithm used to determine the best combins tion of quantities of the varieties of corn to be processed is a flexible polyhedral search algorithm put forth by Nelder and Mead (1965) . The algorithm is a simplex method for minimizing a function which is dependent on the value of the function at various vertices of a simplex. The method, when trying to minimise over n variables, starts with n+l vertices (a general simplex in n-dimensional space) and continues replacing the vertex with the highest objective function value with a new point. The method continues to adjust to the local landscape until reasonably close to the minimum (as specified by certain initial criteria).
The method wee shown to perform well with a low number of variables (up to *=1 O). If this condition is not met, an additional simulation replication at this point is performed and the stop ping rule is evaluated once again.
When the stop ping condition is met, the average objective function value is returned to NELMIN as the estimate of the expected simulation response at this point of the simplex.
Data Collection
Our data collection effort focused in two primary are= data related to the corn being processed by the facility and data related to the equipment doing the processing. Several measures of the qualit y of corn to be processed were obtained from historical data, from personnel who inspect the corn in the field, from personnel responsible for purchasing the corn and from personnel working directly in the processing operations. These quality measures include the following and are estimated for each load of raw material corn arriving at the facility: / q percentage of corn which may ti~imately be used for CP1
q percentage of corn which may ultimately be used for CP2 q percentage of damaged corn which must be removed from the processing operations q efficiencies at which certain pieces of equipment may process the corn (these vahws will change with generally larger or smaller ears of corn)
q percentage of corn (by weight) which will be lost during production of CP1
q percentage of corn (by weight) which will be lost during production of CP2
We alao obtained information on machine capacities, frequency of breakdowns, duration of repair times and other relevant information relating to the equipment in the facility. This information wes generrdly obtained from historical data and from production and maintenance personnel working at the ilwility.
The Experimental Frame
The production from an entire growing season was modeled with each replication of the simulation. With each replication the simulation starts 'empty and idle" as does the processing facility at the beginning of each growing season. Each replication ends after the required production demand has been met (very similar to the facility as well). Replications of a design point are performed (as discussed earlier)
until sufficient 'noise" has been removed from the estimate of the objective function value.
The performance measures of interest from the simulation experiment include the following:
. quantity of CP1 produceduantity of CP2 produced q total time facility operated q cost to purchase the corn for processing
With knowledge of the hourly costs associated with operation the facility and the revenues generated from each unit of CP1 and CP2 produced, the performance measures above allow us to estimate the expected profitabtit y of the facility for a given design point. This is done by way of the objective function which is evaluated after each design point is simulated.
3.6
Verification and Validation
The verification of the model and software code took place in several steps. First of all, care was taken to build the model and code in several steps and perform debugging along the way. Print statements and write statements were temporarily placed in the code to insure that values passed between subroutines were those which were intended to be passed.
After it was determined that the simulation model and the rest of the code were interacting correctly, several short runs were performed to insure that reasonable results were being fvund; this was done by comparing results against past performance of the system.
The validation of the simulation model actually took place over several months. The simulation and Chu The next experiments examined a two phase approach.
The first phase consisted of starting at the same initial design point and using "loose" tolerance levels to quickly find a good starting point for the second phase. In the second phase, this good starting point was used with tighter tolerances to allow the system to reach an even better objective function value.
This two phase approach appeared to work well by allowing the first phase to move from a relatively poor starting point to a relatively good point and then allowing the second phase to do some 'fine tuning" in the local landscape around the optimal solution.
The final experiments to be discussed deal with some anomalous behavior experienced with the 
